Several autoimmune disorders as well as congenital adrenal hyperplasia (CAH) are either associated or closely linked with genetic variants of the fourth component of complement (C4A and C4B) and the enzyme steroid 21-hydroxylase (21-OH). These proteins are encoded by genes that are located downstream from the genes for complement proteins, C2 and factor B (BF) between HLA-B and -DR in the major histocompatibility complex (MHC). Previous studies of variants and null alleles were based on electrophoretic mobility ofC4 protein and linkage with disease phenotypes. These data did not permit analysis of the basis for the observed null alleles and duplicated variants. We studied this region ofthe MHC in 126 haplotypes for a structural analysis of the four adjacent loci, C4A, 21-OHA, C4B, and 21-OHB. About half of the C4 genes typed as C4 null are deleted and several unrecognized homoduplicated C4 alleles were detected.
Introduction
The short arm of human chromosome 6 carries the genes for factor B (BF),' for the second and the fourth component of human complement (C2, C4A, and C4B), and for the cytochrome P-450 steroid 21-hydroxylase (21-OH) (1) (2) (3) (4) . C2 and BF are about 0.5 kilobase pairs (kb) apart and are separated from the C4 genes by 30 kilobases (kb). The C4 genes are 10 kb apart, each with a 21-hydroxylase gene at the 3' end at a distance hyperplasia; MHC, major histocompatibility complex; 17-OHP, 17-hydroxyprogesterone; RFLP, restriction fragment length polymorphism; SSC, standard saline citrate; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis. of -1.5 kb. The order of the genes in the direction of transcription is C2, BF, C4A, 21-OHA, C4B, 21-OHB (5-7), and they have been mapped between HLA-13 and HLA-DR (8) , which are separated by -0.7 cM (9) . Because ofthe tight linkage, these genes are usually inherited as a single "complotype" (10) . In some haplotypes, linkage disequilibrium includes the HLA-B and -DR region forming "extended haplotypes" (I 1).
The high degree of polymorphism in C4 has led to speculation that susceptibility to some autoimmune diseases might be due to differences in the interaction ofC4 variants with other polymorphic complement proteins, antigens, and antibodies (12, 13) . The frequency of null alleles at the C4 loci (0.10-0.15) is relatively high (14), and some possible associations of C4 null alleles (C4 QO) with diseases of the immune system have been suggested, e.g., systemic lupus erythematosus (SLE), scleroderma, and subacute sclerosing panencephalitis (SSPE) (15) (16) (17) .
A defect of the functional 21-OH gene results in congenital adrenal hyperplasia (CAH) and one mutation shows linkage disequilibrium with a rare MHC haplotype (18, 19) . It has been shown that 21-OHB is the functional gene and that a deletion of the 2 1-OHA gene does not affect steroid metabolism (20) . Since deletions ofthe 21 -OH genes are correlated with null alleles at the adjacent C4 loci, it has been postulated that these C4 QO genes represent deletions as well (6) . Several CAH haplotypes have therefore been included in this study.
Restriction fragment length polymorphisms (RFLPs) have proved useful in the investigation ofthe basis ofC4 genetic variants (21) and can subdivide common C4 allotypes (22) . Analysis of genomic and complementary (cDNA) sequences of C4A and C4B has shown that only eight nucleotide differences resulting in a regional change in six amino acids account for the class differences between the C4 isotypes. Even fewer exchanges were detected in allotypic variants at each locus (23, 24) . A variation in size of the C4B gene (the short form is 16 kb, whereas the long form is identical in size to the C4A gene at 22 kb) is a result of the presence or lack of a 6.8-kb intron in the 5' region of the C4B gene (25, 26) .
Some but not all C4A and C4B null alleles are due to large deletions that include a deletion of a flanking 21-OH gene (25) . Molecular maps ofgenomic DNA showed a deletion ofthe C4A and 2 1-OHA genes or the 2 1-OHA and C4B genes. Three haplotypes with nondeleted C4 null alleles were also identified (25) .
Here we present the use of a restriction fragment length polymorphism located at the 5' end of both C4 genes to investigate the molecular basis of C4 QO alleles and duplications as well as the frequency of the long and the short form of the C4B gene. Applied together with a probe (7) to detect a fragment size difference ofthe 21 ARl other subjects were healthy and were selected for the presence of haplotypes carrying null alleles at one or both of the C4 loci.
Complement and HLA typing. Blood for complement typing was collected into I mg/ml EDTA, centrifuged, and the serum was stored at -80'C. BF typing was carried out by agarose gel electrophoresis followed by immunofixation with goat anti-human BF antibody (Atlantic Antibodies, Scarborough, ME) (27) . For C2 typing, plasma samples were subjected to isoelectric focusing in polyacrylamide gels (28) . C4 typing was carried out by high voltage agarose electrophoresis in a discontinuous buffer system after desialation of the samples with neuraminidase, followed by immunofixation with goat anti-human C4 antibody (Atlantic Antibodies) (29) . The alpha-chains of C4A and C4B were analyzed by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) (30) . Blood for HLA typing was collected into heparin at a final concentration of 10 U/mi. HLA-A, -B, -C, and -DR antigens were assigned by the microlymphocytotoxicity assay (31, 32) .
Complotypes are given in arbitrary order as BF, C2, C4A, and C4B types in abbreviated form. Thus, "SCOI" represents BF*S, C2*C, C4A*QO, C4B*1.
Preparation C4 and 21-OH specific DNA probes. The cDNA probe used to generate the 5' C4 polymorphism was derived from the full length C4 cDNA clone pAT-A (23). The 500-bp probe specific for the 5' ends of both C4 genes was obtained after Bam HI/Kpn I double digest, separated from the other fragments by agarose electrophoresis and purified by electroelution into a dialysis bag (37). The probe specific for the 21-OH genes was derived from the cosmid clone cos I E3 and represents a 900-bp Bgl I fragment of the 21-OHA region (7). The 300-bp insert of cDNA clone pALU-7 is specific for the C4d region of both C4 genes (38) . These inserts were purified as described above.
Interpretation ofrestriction fragment patterns. The 5' C4 fragments were mapped relative to the 12-and 3.5-kb Kpn I fragments characteristic for the 5' ends of the C4A and the C4B genes (5) . The correlation of these fiagments with the two forms ofthe C4B genes has been established by hybridization of Kpn I digested DNA with the cDNA probe pALU-7, which yields a 7.5-kb band for the long C4 genes and an 8.5-kb band for the short C4B gene (26, 39 Two different forms of C4B deletions were detected in family EM. (Fig. 2 a) . Father A. has no C4B bands, but both the 21-OHA and the 21-OHB band are visible. This pattern suggests that both C4B genes are deleted. On one chromosome, the deletion includes a 2 1-OHA gene, and on the other the 21-OHB gene. Mother R. has a stronger C4A than C4B band, and a stronger 2 1-OHB than 2 1-OHA band. A possible deletion could include the 21 -OHA and C4B genes on one chromosome, whereas the other carries all four genes. This assumed parental deletion pattern is confirmed by the analysis ofsegregating chromosomes in the children. Daughter P. has inherited both 21-OHA/C4B deleted haplotypes; i.e., no 21-OHA or C4B fiagments can be detected. Son L. has a deletion ofthe C4B/21-OHB genes on one chromosome, inherited from A.; i.e., the C4A and the 2 1-OHA bands are stronger than the C4B/2 1-OHB bands. AlProbe: 5 (Fig. 3 a) . Five patients had at least one 21-OHB gene (Fig. 3 c and d) , whereas the other three individuals lacked the 3.7-kb Taq I fragment that represents the 21-OHB gene (Fig. 3 a and b) . One haplotype had a deletion of the 21-OHA/C4B genes (Fig. 3 e) Detection of hetero and homoduplicated C4 loci. An individual carrying a heteroduplication of the C4B locus (two different C4B alleles on the same chromosome) together with a C4A null allele on one chromosome (C4A*QO, B*1,2) and a common C4 haplotype on the other (C4A*3, B*l) has been analyzed by C4 protein and DNA typing (Fig. 4 a and b) . Similar restriction fragment patterns were observed in other individuals with duplicated C4 loci that were not detected by C4 protein typing. In family CH., a homoduplication ofthe C4B locus (two identical C4B alleles on the same chromosome) was detected on Southern blot analysis. This duplication segregates with chromosome b from father S. to his daughters (Fig. 5, top) . The finding was supported by the C4 typing gels (Fig. 5, bottom) , where stronger C4B 1 protein patterns in individuals S., JI. and D. were observed. A stronger C4B than C4A alpha chain was also observed after separation of immunoprecipitated and reduced C4 from plasma samples by SDS-PAGE (data not shown). To obtain further evidence for the duplication, DNA samples of family CH. were also digested with the restriction enzymes Bgl II and Kpn I and hybridized with the C4 and 21-OH probes (data not shown). These patterns were used to establish a partial restricion map ofthe duplicated gene region (Fig. 6 ). In addition, another homoduplication ofthe C4B locus in combination with a nondeleted C4A null allele in the haplotype HLA-AII, BJ 7, DRw6, FC01,I has been detected (data not shown).
Screening for deletions of the C4/21-OH genes. To obtain data on the occurrence and type of deletions in the C4/2 1-OH region, 126 individual haplotypes were analyzed in family studies using the 5' C4 Taq I polymorphism. The families were selected for the presence ofone or more C4 null alleles, based on protein typing. Also, members of some families are carriers ofdisorders like CAH, multiple sclerosis, and celiac disease. The data obtained thus are not representative for fiequencies in the normal population.
The Southern blot analysis of C4 haplotypes carrying a null allele (C4 QO) showed the following: (a) Deleted The most common complotypes investigated are represented in Fig. 7 together with the distribution of the long and the short form of the C4B gene. Most of the SC3J complotypes (34/38) have the long C4B gene, and 11 ofthese are found in the extended haplotype HLA-B7, DR2, SC31. In contrast, a majority of the FC31 complotypes (9/13) have the short C4B gene; three of them are linked to HLA-B44, DR7. With the single exception ofthe FC32 complotype, which segregates with HLA-B51, DR4, all haplotypes with a C4B2 allele carry the short C4B gene, as do all HLA-Bw57, SC61 haplotypes.
Discussion
The biochemical analysis of polymorphic complement gene products has already revealed significant functional differences between isotypic and allotypic C4 variants (40) (41) (42) . The analysis of the structural basis of C4 null alleles by recombinant DNA techniques may help to describe mechanisms leading to duplications and deletions as well as to understand the effect ofthese events in regard to possible autoimmune disease associations (15, 17, 43) . In the case of CAH, a close genetic linkage of this disease to a limited number of MHC-haplotypes has been established (18, 19) . This linkage is due to the location ofthe gene for steroid 2 1-hydroxylase within the C4 region. A DNA fragment length polymorphism generated by the restriction enzyme Taq I provides the C4A, 21-OHA, C4B, and 21-OHB genes, since the C4 and 21-OH bands are well separated on the blot and easy to identify. Our results on the structure of C4A null alleles confirm in family studies previous findings that mapped a C4A deletion in combination with a short C4B gene, obtained by analyzing clones from a genomic library (25) . In addition, we were able to detect two deleted C4A QO haplotypes with a long C4B gene (Fig. 2 d , Table I ). The Taq I restriction site upstream from the C4 region appeared preserved (Fig. 1) , and in the case of a C4A deletion the length of the resulting fragment depends on the position of the 3' restriction site inside the C4B gene; i.e., 6 .4 kb with a short B gene and 7.0 kb with a long B gene. Deletions of the 21-OHA/C4B genes similar to the one described (25) in the haplotype HLA-B7, DR2, SC30 were detected in four other haplotypes (Table I) , and all share the same complotype SC30.
Deletions affecting the C4B/2 l-OHB genes occur mostly in haplotypes found in CAH patients (Table I) . With the exception ofHLA-Bw47, DR7, these haplotypes differ in HLA type as well as in complotype. The extended haplotype Bw47, DR7, FC91,0 has a fiequency of >20% among CAH patients (19) . The functional 21-OHB gene (6) and the C4B gene are deleted in this haplotype. Southern blot analysis of genomic DNA indicated that the deletion extends from the end of the 3.2-kb Taq I fiagment in the 2 1-OHA gene to the homologous region 3' to the 21-OHB gene (44) .
While in most cases (eight haplotypes) deletions of the 21-OHB gene included the C4B gene, in two unrelated CAH patients only the 21-OHB gene was deleted. In contrast, five haplotypes in CAH patients with no apparent deletion of the 21-OHB gene were observed as well. Thus, the classical (saltwasting) form of CAH is caused by major structural deletions, but is also a result of defects in 21-OH expression. Therefore, every CAH haplotype not carrying a C4B null allele must be analyzed further. On a functional level, the analysis of the 17-hydroxyprogesterone (17-OHP) response to ACTH stimulation has provided a biochemical basis to assess the severity of the disease in heterozygous and homozygous carriers of CAH haplotypes (45).
Unequal crossing-over mechanisms have been suggested by several authors to account for the generation of deletions and duplications (25, 29, 46, 47) . The high degree of structural homology in the C4/2 1-OH region might facilitate unequal pairing ofchromatids during meiosis. Duplication ofthe nearby C2 and Factor B genes has not been detected (48, 49) , although the genes show a substantial degree ofhomology [39% identity (50) ].
Null alleles for C2 that have been analyzed do not appear to be due to large deletions, as the DNA restriction fragment patterns offunctional and null alleles are identical (49) . The near identity (>99%) among the duplicated C4/21-OH genes favors recombinant events.
Unequal crossing-over in the C4 region would result in one chromosome with a single and the other with three C4 genes. Based on the C4 protein typing data, the frequencies of null 654 tained evidence for an increased number of homoduplicated haplotypes, which have not been identified previously. Therefore, deletions and duplications may be more common than previously suggested and only by direct analysis of this region on the DNA level can the frequencies be determined accurately.
In the first analyses of the C4 gene region, only short C4B genes (16 kb) were detected (5, 7, 25) . In the present study, a majority of the C4B genes analyzed were the same size as the C4A gene (22 kb) . This includes all 17 C4B null haplotypes studied thus far, in which the C4B gene is present but not expressed. The C4B gene size polymorphism, due to the 6.8-kb intron, raises questions about the structure of the ancestral C4 gene that gave rise to the duplicated human C4A and C4B genes and the mouse Slp and C4 genes.
The six most common extended haplotypes among normal Caucasians (1 1) were included in the analysis of the 5' C4 polymorphism (Table II) . Although C4B gene length polymorphisms subdivide some groups complotyped by protein polymorphisms (Fig. 7) , within specific extended haplotypes only a single type of C4B gene is observed. The same homogeneity has been observed among extended haplotypes by using the Bam HI/Xba I polymorphism ofthe C4 gamma-chain region (A. S. Whitehead, unpublished observations). Uniformity of extended haplotypes was also demonstrated by comparing the mixed lymphocyte response matched for the extended haplotype even in unrelated individuals (51) . This high degree of functional and structural preservation is also supported by our analysis at the DNA level. 
